Sea surface temperature in the Arabian Sea Mini Warm Pool has been suggested to be one of the factors that affects the Indian summer monsoon. In this paper, we analyze the annual ocean heat content (OHC) of this region during 1993-2010, using in situ data, satellite observations, and a model simulation. We find that OHC increases significantly in the region during this period relative to the north Indian Ocean, and propose that this increase could have caused the decrease in Indian Summer Monsoon Rainfall that occurred at the same time.
Introduction
The region in the southeastern Arabian Sea from 4 ∘ -14 ∘ N to 68 ∘ −78 ∘ E is referred to as the Arabian Sea Mini Warm Pool (ASMWP; Shenoi et al., 1999) . There, sea surface temperature (SST) exceeds 30 ∘ C, 2-3 months before the onset of the Indian Summer Monsoon (Deepa et al., 2007; Vinaychandran et al., 2007; Vinaychandran and Kurian, 2008) . A number of studies have explored the connection between the summer monsoon and ASMWP variables. For example, Joseph (1990) , Rao and Sivakumar (1999) , Deepa et al. (2007) , Vinaychandran et al. (2007) , and Sanil Kumar et al. (2004) investigated the impact of ASMWP SST on the summer-monsoon onset vortex. Rao and Sivakumar (1999) observed a direct correspondence between upper-ocean heat content (OHC) in the region from the ocean surface to the depth of the 28 ∘ C isotherm during May-June and the genesis location of the onset vortex. Vinaychandran et al. (2007) , however, concluded that, although the ASMWP impacts the onset vortex, it is not a sufficient condition for its formation. Rao et al. (2015) investigated the interannual variability of ASMWP variables in terms of their phase, amplitude, and spatial extent. Joseph (1990) suggested a need to study the ASMWP and its impact on the Indian Summer Monsoon Rainfall (ISMR).
In this study, we continue the effort to explore the relationship between the ASMWP and ISMR. Specifically, we show that ASMWP OHC has been increasing from 1993 to 2010, while ISMR has been decreasing at the same time. This connection points toward a possible linkage between the two variables, with the increased OHC leading to a southward shift of atmospheric convection thereby weakening rainfall over India (see Section 4).
Data and methodology
As a measure of OHC, we use tropical cyclone heat potential (TCHP), which is similar to other OHC proxies except that it integrates temperature from the surface to the depth of the 26 ∘ C isotherm instead of a fixed depth. We use three methods to calculate TCHP: a direct method using temperature profiles from in situ observations and model simulations through a numerical solution to version 3.1 of the Modular Ocean Model (MOM3.1), and an indirect one using satellite altimeter data.
In the first approach, we compute TCHP from the in situ and model profiles by,
where is the sea water density, C p is the specific heat capacity at constant pressure, T(z) is ocean temperature ( ∘ C), and D 26 is the depth of the 26 ∘ C isotherm (Leipper and Volgenau, 1972) . In this calculation, the product of C p is taken as 4 × 10 6 J K −1 m −3 . Temperature profiles for Equation (1) are taken from observational data and MOM3.1 (courtesy: R. Sharma, 2013, pers. comm.). The observed profiles are taken from all available temperature profiles during 1993-2010, namely, those collected during ship campaigns by conductivity temperature and depth (CTD) instruments, bathythermographs (BT), expendable BTs (XBT), and expendable CTDs (XCTD), as well as by Argo floats. All together 5761 in situ profiles (XBT -2505, XCTD -122, CTD -356, Argo profiles -2778) were considered during the study period. The model has been set up for the global domain (80 ∘ S-80 ∘ N) excluding polar regions, with a horizontal grid resolution varying from 0.58 ∘ × 0.58 ∘ in the Indian Ocean to 2.8 ∘ × 2.8 ∘ in the other oceans. There are 38 levels in the vertical, with 8 levels in the upper 40 m. The bottom topography is based on 1/12831/128 resolution data from the U.S. National Geophysical Data Center. Wind stress is computed from wind velocity using a wind-dependent, drag coefficient. Sharma et al. (2010) used this model to study the sea surface salinity variability. Temperature profiles from this model are used to compute TCHP as given in Equation (1).
If SST is less than 26 ∘ C, TCHP for the layer is assumed to be zero. If the temperature observation is not available at a depth of 26 ∘ C, D 26 is determined by a linear interpolation. We retained only profiles with observations that begin at a depth of 5 m or less. As the Argo profiles do not have surface (0 m) observations, the shallowest observation (most profiles start from 4 m) is used for the surface value. We computed TCHP at all the locations within the region 4 ∘ -14 ∘ N and 68 ∘ −78 ∘ E, wherever in situ observations are available. The data used in plots are spatially and annually averaged TCHP values.
In the second approach, we use all the existing altimeter-derived, sea-surface-height anomaly (SSHA) data to determine TCHP (Goni et al., 1996; Shay et al., 2000) . Accordingly, we assume, to first order, that the ocean can be approximated by a two-layer system with the upper-layer thickness (h 1 ) at latitude (x), longitude (y) and time (t). Then, provided that the mean upper-layer thickness (h 1 ) and reduced gravity (g ′ ) fields are known from historical measurements, h 1 can be estimated from the altimeter-derived SSHA ( ′ ) field from
where g' = g, g is the acceleration of gravity and,
where 1 (x,y) and 2 (x,y) represent upper-and lower-layer densities, respectively. Once the depth of the 26 ∘ C isotherm (h 1 ) is estimated, and SSHA is obtained from satellite observations, the TCHP is the excess heat contained above the 26 ∘ C isotherm. These TCHP values are obtained from Atlantic Oceanic and Meteorological Laboratory (AOML), National Oceanic and Atmospheric Administration (NOAA). In addition, we analyzed SST trends from Tropical Rainfall Measuring Mission Microwave Imager during 1997-2010 and net heat flux from OAFlux (Yu et al., 2007 (Yu et al., ) during 1993 (Yu et al., -2009 . All these observations are annually averaged. We also examined ISMR data from 1993 to 2010 obtained from India Meteorological Department (IMD). Total all India rainfall during the monsoon period, June-September, is used in this study.
Results
The comparison between in situ and satellite-derived TCHP shows a bias (in situ values being on the higher side) of 8.9 kJ cm −2 with a coefficient of determination, (17 kJ cm −2 ) in the in situ (satellite) observations (Figure 2 ). These increasing OHC trends are statistically significant, with a p value of 0.002 (i.e., the probability p that there is no trend is less than 0.2%).
Using the temperature profiles from MOM3.1, there is an overall increase of 20.5 kJ cm −2 during this period (from 42.5 kJ cm −2 in 1993 to 63 kJ cm −2 in 2010). Though the model results show higher warming compared to satellite and in situ observations, the slope is highly significant (p < 0.001) with R 2 of 0.565 between the year and OHC. Although the in situ, model and satellite observations have biases, all the three observations show an increasing trend. It is noteworthy that such large increasing trends are not observed in other parts of the NIO, although Roxy et al. (2014) observed an overall warming trend in the entire NIO. For example, satellite-derived OHC increased by only 3.5 kJ cm −2 in the Bay of Bengal and decreased by about 1 kJ cm −2 in the rest of the Arabian Sea (i.e. outside the ASMWP).
The increasing trend in ASMWP heat content is consistent with SST changes in the region. On the average, SST increased from 28.4 to 28.9 ∘ C during 1993-2010. If the average temperature of this column were equal to SST, OHC of the column would increase by 22.4 kJ cm −2 over an 80-m thick upper layer (the average depth of the 26 ∘ C isotherm). As the average temperature this column is generally less than SST owing to mixing processes, the estimated increase in OHC could be slightly less as well. At the same time, the net surface heat flux (NHF) in the ASMWP decreased by 24 W m −2 (Figure 3) , a reduction that reduces the OHC of an 80-m water column by 34 kJ cm −2 . Thus, the net increase in OHC due to the changes in both SST and NHF is slightly less than 19.44 kJ cm −2 , which is closer to 17 kJ cm −2 of the estimation from satellite observation, if the ocean mean temperature is considered to be less than SST. Even these calculations suggest the increase in OHC of the region. However, the changes in OHC are due to a combination of surface fluxes and internal heat changes due to advection.
It is noteworthy that ISMR dropped from 910 to 820 mm during 1993-2010 (Figure 2 ), although the trend is not statistically significant (p = 0.230), suggesting that there is an inverse relationship between ISMR and ASMWP OHC. Such a linkage is possible as follows: Increased OHC and SST in the ASMWP lead to enhanced convection there, thereby shifting convection southward that would normally occur farther north and, hence, weakening the tropical easterly jet stream (Abish et al., 2013) and ISMR. Earlier, Chung and Ramanathan (2006) , using version 3 of the Community Climate Model, attributed a reduction in monsoon rainfall in their solution to an increase of equatorial SST; specifically, they report that the reduction in the temperature difference averaged from 60 ∘ -100 ∘ E between the equator and the 25 ∘ N reduces monsoon rainfall. We suggest that the increase in OHC of the study region covering 4 ∘ -14 ∘ N and 68 ∘ -78 ∘ E was a significant factor in reducing the northward SST gradient. However, until a detailed modeling study, is carried out to confirm this idea, this relation is speculative.
Summary and discussion
The major emphasis of this paper is to show that the annual average TCHP of the study region is increasing. The ASMWP is known to impact the summer monsoon through its influence on the location of the monsoon onset vortex. Using in situ observations, satellite estimations, and model simulations, we show that OHC (and SST) in the ASMWP increased during 1993-2010 while ISMR decreased. Further, we suggest that the former leads to the latter by weakening the northward temperature gradient and, hence, allowing shifting convection southward. Here, we propose a possible linkage. More detailed modeling affords are required to prove this, which is beyond the scope of this study.
We recognize that other factors also affect ISMR, and therefore blur (and possibly overwhelm) any connection to ASMWP OHC. These factors include: increased aerosols, regional SST and OHC changes elsewhere in the Indian Ocean, and 'noise' due to climate variability such as El Nino Southern Oscillations (ENSO) and the Indian Ocean Dipole (IOD). Regarding the impact of aerosols, some studies suggest black carbon (Ramanathan et al., 2005) or sulfate (Bollasina et al., 2011) aerosols mask surface warming and the resulting cooler SST decreases monsoon rainfall, whereas, Wang (2004) draws the opposite conclusion. Regarding the impact of other regions of SST and OHC anomalies, Annamalai et al. (2013) noted the importance of regional heat sources over the Asian monsoon region, concluding that dynamical feedbacks among them complicate the hypothesis that increased ocean temperatures increase tropospheric moisture and hence rainfall. Further, Swapna et al. (2013) noted the importance of warming in the equatorial IO, concluding that the weakening of the summer monsoon circulation accelerated the warming of the equatorial IO, and that this warming in turn contributed to a further weakening of the monsoon with more monsoon breaks. When this small region can have a relation with the onset of the Southwest monsoon (which is proved through several publications), we suggest that OHC of the ASMWP could also be one of the factors that impact ISMR. Since we studied the overall annual trend in TCHP, we have not isolated the seasonal changes. This increase, as a part of the climatic trend, is possibly reducing the summer monsoon rainfall because the TCHP affects the atmosphere only at the time of the year when convection is possible at all, that is during the summer. In addition, the summer-averaged TCHP signal compares well with the annually averaged one. To confirm this property, we compared the satellite-derived TCHP during June to September with its 12-month average value. The comparison has a bias of 20 kJ cm −2 (June-September OHC being less than annual value) with a Pearson's correlation coefficient of 0.8, indicating that even the June-to-September TCHP is also increasing similar to the annual value, over the study period. (We are aware that TCHP during this season alone need not influence the Indian summer monsoon.)
In conclusion, our study suggests the importance of further investigation in to the influence of the ASMWP heat content on monsoon dynamics. It points toward the need for a sustained observational effort that allows the statistical relationship between OHC and Indian rainfall to be accurately determined. Further, it suggests the need for comprehensive modeling studies to demonstrate the dynamical processes involved in this linkage.
